Soil nutrients and herbaceous plant growth are patchily distributed in desert ecosystems, often restricted to "fertility islands" created by perennial shrubs. Although fire has been historically uncommon in southwestern American hot deserts (e.g., the Mojave), these regions have experienced more severe fires due to recent invasions of exotic species that increased proneness to fire. Nevertheless, the effects of fire on soil nutrients in SW deserts, including via the removal of shrubs by fire, remain unclear. We assessed the spatio-temporal impacts of fire on soil nutrient availability in burned and unburned areas of the Mojave Desert. The study was conducted in shrublands dominated by Larrea tridentata. We investigated both the short (seven months after fire) and long (seven years after fire) term effects of fire on soil nutrient availability within a microhabitat gradient spanning from under the shrub canopy to open inter-shrub areas. We found that nitrogen (N) and potassium (K) were higher under the canopy of burned L. tridentata seven months after fire. In contrast, seven years after fire, N and K availability were lower around shrubs that were killed by fire. Over the short-term, fire had a positive effect on soil nutrients. However, over the long-term, the fertility island effect diminished after removal of shrubs by fire, and the differential availability of nutrients such as N and K became more similar under shrubs and in open inter-shrub areas. This reinforces the key role of L. tridentata in influencing the distribution of soil nutrients and provides support for the hypothesis that post-fire herbaceous plant growth will be less restricted to areas under shrubs.
Introduction
Fire is an important disturbance that can alter vegetation and affect soil nutrient balance via losses and inputs (Whelan, 1995; Sugihara et al., 2006) . Loss of nutrients usually occurs through volatilization and post-fire soil erosion by wind and water. Nutrient inputs occur when burned plant biomass and litter are incorporated back into the soil in the form of ash (Neary et al., 1999) . Due to the mechanisms of nutrient losses and inputs, fire has the potential to affect both nutrient availability and the spatial distribution of nutrients in the soil, especially in systems with patchy plant communities and litter inputs (Rodriguez et al., 2009a) . The effects of fire on the availability and distribution of soil nutrients can also be influenced by the topography of the burned area and the physical and chemical properties of the soil (Wan et al., 2001; Abella and Engel, 2013) .
In general, desert ecosystems are not thought of as being prone to fire, primarily because of the lack of a continuous fuel bed to carry fire (Brooks and Matchett, 2006; Allen et al., 2011) . However, over the last several decades, desert regions of southwestern North America (e.g., the Mojave Desert) have been invaded by exotic grasses (e.g., Bromus and Schismus species) and forbs (e.g., Erodium cicutarium and Brassica tournefortii; D' Antonio and Vitousek, 1992; Brooks et al., 2004) , which has increased the susceptibility of these deserts to fire. These exotic invasive species are closely tied to seasonal and annual variation in precipitation, which may lead to greater biomass production within the inter-shrub areas. As a consequence, fire risk is often greater after rainy seasons with above-average rainfall, because of greater plant growth and litter production, which can fuel larger fires (Brooks et al., 2004; Chambers and Wisdom, 2009; Esque et al., 2013) .
Even though fire risk has increased in deserts ecosystems, the potential effects of fire on soil properties remain unclear. For example, some studies have shown that nitrogen (N) availability has increased (Abella and Engel, 2013) , decreased (Allen et al., 2011) , or remained unchanged after fire (Brooks, 2002) . The observed differences in the effects of fire on soil nutrients may be related to the time after fire at which measurements are made (e.g., short vs. long term effects; Debano and Conrad, 1978; Davies et al., 2008; Augustine et al., 2010) . Specifically, in a recent study conducted in shrublands of the Mojave Desert, Abella and Engel (2013) found N and potassium (K) to be higher in burned areas compared to unburned areas, but differences decreased over the first year after fire, highlighting how temporal effects may influence nutrient balance in desert soils.
A clear understanding of the impact of fire on soil nutrients in desert ecosystems is complicated by the fact that soil nutrients are generally scarce and heterogeneously distributed. Many nutrients are concentrated in "fertility islands" created by trees and perennial shrubs, such as the creosote bush, Larrea tridentata (DC.) Cov. (hereafter referred to by genus; Schlesinger et al., 1996; Bolling and Walker, 2002) . Several studies have shown that nutrient concentrations (mainly N and K) are higher under Larrea canopies than in open inter-shrub areas (Samson, 1986; Titus et al., 2002; Mudrak et al., 2014) . Fertility islands are crucial in desert systems because they help to maintain a diverse and productive annual plant community under the shrub canopies (Esque et al., 2010; Schafer et al., 2012) . Many native annual species do not readily grow in the open inter-shrub areas, unlike the exotic species described above. Furthermore, desert fires tend to be patchy in their effects (Brooks and Matchett, 2006) , leading to changes in the spatial distribution of living shrubs in the landscape. Because perennial shrubs are key components in the structure and functioning of deserts in southwestern North America (Bolling and Walker, 2002; Lopez et al., 2009; Griffith, 2010; Schafer et al., 2012; Mudrak et al., 2014; Fuentes-Ramirez et al., 2015) , shrub removal by fire may have cascading effects on the whole community. However, little is known about the effect of shrub removal by fire on both the availability and spatial distribution of nutrients, and the persistence of Larrea fertility islands.
The purpose of this study was to examine both the temporal and spatial effects of fire on soil nutrients in Larrea dominated areas of the Mojave Desert. We assessed the short-term effects of fire by comparing soil nutrients under and around unburned and experimentally burned Larrea shrubs seven months after fire. We assessed the long-term effects of fire by measuring soil nutrient availability under living Larrea shrubs and on soil mounds where Larrea was killed by a wildfire seven years prior to our study. In both cases, the effect of fire on the spatial distribution of nutrients was assessed by comparing soil nutrients under Larrea canopies with soil nutrients in the open inter-shrub areas. We hypothesized that soil nutrients increase over the short-term after fire and that increases are greater under the Larrea canopy than in the open inter-shrub areas. We also hypothesized that soil nutrients become more evenly distributed over the long-term after removal of shrubs by fire, indicating a change in the spatial pattern of nutrients and a potential disappearance of the fertility island effect created by Larrea.
Materials and methods

. Study area
The study was conducted in two L. tridentata (DC.) Cov. shrubland sites in the Mojave Desert. Selected shrubs at one site were experimentally burned in June 2011. The other site was burned by a wildfire in May 2005 (Fig. 1) . Both sites have similar physical characteristics and support similar shrub communities, being co-dominated by Larrea and the perennial shrub Ambrosia dumosa (A. Gray) Payne, with inter-shrub areas sparsely vegetated by both native and exotic forbs and grasses (Abella, 2010) . Soils in both study sites are typic torripsamments in the Cajon series (Natural Resources Conservation Service, 1999) . These soils are young and intermediate aged alluvial grus (i.e., alluvium derived from disintegrated granite; Amoroso and Miller, 2006) with a sandy loam texture. Soils are well drained with low moisture availability and occur in areas with slopes of 0-15%. In the experimentally burned site, soil N and K concentrations are higher under Larrea canopies than in the open inter-shrub areas, but phosphorus (P) availability does not vary with distance from Larrea (Mudrak et al., 2014) . In addition, concentrations of N and K under Larrea canopies are up to 15 and 30 times higher, respectively, than P concentrations (Mudrak et al., 2014) .
The experimentally burned site was located within the Fort Irwin National Training Center, 31 km north of Barstow, CA at an elevation of 865 m (35°9′21″ N, 116°53′6″ W). The mean annual temperature in this area is 18.8°C and mean annual precipitation is 130.5 mm (Western Regional Climate Center, Barstow weather station), with the majority of precipitation falling between January and March. The Fire Department at Fort Irwin National Training Center used fusee flares (fusee backfiring torch, US Forest Service specification 5100-360) to burn 56 Larrea shrubs distributed throughout a one-hectare plot on 20-21 June, 2011. Fusee flares are commonly used in forestry for the ignition of controlled burns. These flares are easy to control, can burn as hot as 1600°C, and produce minimal amounts of residue. Burned shrubs were intermixed with shrubs that were not burned. The unburned shrubs were used as controls for assessing the change in nutrients 7 months after fire. Only 25 shrubs (ca. 44%) showed some degree of resprouting (e.g., green tips, new foliage) 2 years after experimental burning (Erika L. Mudrak, unpublished data).
The site burned by a wildfire was located at an elevation of 746 m, 24 km NW of Barstow, CA (35°4′56″ N, 117°9′15″ W) and 26 km SW of our experimentally burned Fort Irwin site ( 
. Sampling design
At the Fort Irwin site, we characterized the short-term effects of fire on soil nutrient availability. On January 29, 2012, seven months after the shrubs were experimentally burned, we deployed Plant Root Simulator™-probes (Western Ag Innovations, Inc., Saskatoon, Canada; hereafter referred to as PRS-probes) to measure soil nutrient availability. PRS-probes are ion-exchange (cation and anion) resin membranes mounted in a plastic frame that provide an index of the availability of nutrients by mimicking the uptake of nutrients by plants (Qian et al., 1992) and are effective in measuring nutrients in arid ecosystems (Drohan et al., 2005; Collins et al., 2010) .
Within the one-hectare plot, we selected eight shrubs that were completely burned and killed by fire (with no sign of resprouting) and eight unburned, living shrubs. Six PRS-probe anion/cation pairs were placed on the north side of each shrub at 20 cm intervals (from the center of the soil mound or shrub) along a transect extending up to 120 cm. We sampled on the north side of the shrub because nutrient availability is higher on the north than south side of Larrea (Brooks, 1999; Schenk and Mahall, 2002; Mudrak et al., 2014) . The probes were buried so that the ion-exchange surface spanned a depth of 5-10 cm. To assess the effect of fire on the spatial distribution of soil nutrients, the probe locations were characterized by microhabitats (see Fig. 2a . At the wildfire site, we assessed the long-term effects of wildfire on soil nutrient availability seven years after fire. In June 2011, we established two 0.5-hectare plots, one within the 2005 wildfire burn scar and one in an adjacent unburned area (Fig. 1) . There is no evidence that this unburned area has been impacted by fire in recent history, as we did not observe any burned stumps or bare soil mounds. We randomly selected 22 soil mounds that were associated with dead Larrea in the burned plot and 22 soil mounds associated with living Larrea in the unburned plot. We defined a living shrub as the collection of stems and green branches with overlapping canopies located on a single soil mound (i.e., fertility island; see methods in Mudrak et al., 2014) . Similarly, a dead shrub was defined as the burned stump or the dried collection of branches and stems on a single bare soil mound. We placed one PRS-probe anion/cation pair in the center of each soil mound, which represents the under-canopy habitat (i.e., UC microhabitat) influenced by a living (unburned) or dead (burned) shrub, and one PRS-probe pair 120 cm away from the mound center (north side), outside of the area of influence of the shrub (i.e., OF microhabitat, Fig. 2b) , for a total of 44 PRS-probes per plot. The PRS-probes were buried on January 11, 2013 (with the ion-exchange surface spanning a depth of 5-10 cm) and removed on March 27, 2013, after 75 days of burial. PRS-probes were processed as described above, and nutrients were measured as a flux rate (i.e., μg of nutrient/10 cm 2 /day −1 ).
. Data analysis
To assess the short-term effects of fire (i.e., 7 months after fire), we pooled distances into the three microhabitat categories (under canopy, UC = 20 and 40 cm, open near canopy, ON = 60 and 80 cm, and open far from canopy, OF = 100 and 120 cm). We analyzed the effects of fire on soil nutrient availability seven months after fire using a full factorial ANOVA with fire (burned and unburned) and microhabitat (UC, ON, OF) as fixed factors. In a separate analysis, the long-term effects of fire (i.e., seven years after burning) on soil nutrient availability were analyzed using a full factorial ANOVA with fire (burned and unburned) and microhabitat (UC, OF) as fixed factors. We used a posteriori Tukey's tests for pair-wise comparisons. Nutrient data were log-transformed when necessary to meet the assumption of normality. Fig. 1 . Map of the study area in the Mojave Desert (gray-shaded area) that depicts the locations of the experimentally burned (circle) and wildfire affected (triangle) study sites. The wildfire-affected area is detailed in the aerial image with the fire boundary noted as a dashed line and the two sampling plots outlined by black rectangles. Note that the aerial image in not scaled to the shaded box in the US map.
Results
Seven months after fire, soil N and K availability were significantly higher under the canopies (UC microhabitat) of burned Larrea shrubs than in the same microhabitat under unburned shrubs (Table 1) . Soil N and K availability declined with distance from either the living Larrea canopy or soil mounds of burned Larrea into the open microhabitats (Table 1, Fig. 3 ). Neither burning nor microhabitat had a significant effect on P availability (Table 1) . Fire and microhabitat had significant effects on Mg and Ca (Table 1 ), but only in the OF microhabitat where we observed higher availability of these nutrients associated with burned Larrea mounds compared to the unburned shrubs (Fig. 3) . Neither burning nor microhabitat significantly affected soil S (Fig. 3) .
Seven years after fire, soil N availability was significantly lower on burned than unburned Larrea soil mounds (the UC microhabitat), but there was no effect of fire further away from the shrub mound in the OF microhabitat (Table 1, Fig. 4 ). Soil K availability was significantly lower in burned sites in both the UC and OF microhabitats (Fig. 4) . There was no effect of fire on P availability in either microhabitat (Table 1) . Soil Mg availability was significantly higher in both the UC and OF microhabitats associated with burned, compared to unburned, Larrea (Table 1) . We found a significant interaction between fire and microhabitat for soil Ca availability, with higher levels of Ca on burned mounds (i.e., UC microhabitat) and in the open inter-shrub areas (i.e., OF microhabitat) associated with unburned Larrea (Table 1 ,  Fig. 4 ). Availability of S was significantly lower in both the UC and OF microhabitats associated with burned, dead Larrea compared to unburned Larrea (Table 1) .
Discussion
Fire affected the availability of soil nutrients at the temporal and spatial scales examined in this study. Overall, seven months after fire, availability of N, K, Mg and Ca was higher in the vicinity of burned Larrea than under comparable unburned shrubs. Seven years after fire, availability of N, K and S was lower on soil mounds associated with Larrea killed by a wildfire, compared to shrubs in the adjacent unburned area. Similar to other studies (Titus et al., 2002; Mudrak et al., 2014) , we found a consistent spatial pattern of nutrient availability, regardless of whether Larrea were alive or had been killed by fire, with higher concentrations of N and K in the under-canopy microhabitat than in the open areas among shrubs. However, over time (seven years post-fire) the degree of difference in nutrient concentrations under shrubs, as compared to open areas away from shrubs, diminished in the burned area.
Our hypothesis that soil nutrients increase over the short-term after fire was partially supported, as higher concentrations of N, K, Mg, and Ca were found around burned Larrea shrubs. The increase in soil N (measured as NH 4 + and NO 3 − ) availability seven months after fire was likely due to both increased N mineralization and oxidation of organic soil N exposed to elevated temperatures during fire (Mroz et al., 1980; Knoepp and Swank, 1993) . Although usually overlooked (Choromanska and DeLuca, 2002) , N originating from burned plants may also contribute to a higher amount of N after fire, especially in the first year after fire (Diaz-Ravina et al., 1996) . Higher K availability after fire is more likely due to a high concentration of K in ash from the burned vegetation and litter (Debano and Conrad, 1978; Carreira and Niell, 1995) . The post-fire increase in N and K also varied in its spatial distribution, as hypothesized and similar to other studies (Esque et al., 2010) , with larger increases under Larrea canopies (UC microhabitat) than in the open inter-shrub areas. Although availability of Mg and Ca was greater under the Larrea canopy than in the open inter-shrub areas (overall), fire significantly increased these nutrients only in the OF microhabitat. The pattern for this change is not clear, but it may be due to the movement of ash by water and wind toward open areas after the Larrea shrubs were removed by fire (Raison, 1979; Carreira and Niell, 1995) .
While these results may suggest a temporal enhancement of the fertility island effect (especially for N and K) over the first seven months after fire, the patterns of these changes may vary with time after fire (DeBano et al., 1998) . Generally, the increase in soil nutrients persists over several months and then declines to the pre-fire level one or two years after fire (Adams et al., 1994; Wan et al., 2001; Schafer and Mack, 2010) . In fact, the short-term increases in N and K availability after fire within our study area did not persist over the long term.
Our hypothesis that soil nutrients become more evenly distributed over the long-term after shrub removal by fire was partially supported, as the availabilities in N and K were lower in the microhabitats associated with burned Larrea than in the microhabitats associated with living Larrea shrubs. After shrubs are killed by fire, wind and water are likely to erode soil from the remaining mounds with lower densities of annual plants, resulting in a decrease in nutrient availability over time. Furthermore, microbial activity may decline after shrub removal due to decreased inputs of plant-derived organic matter (Ewing et al., 2007) . Soil microbial activity can be further diminished due to loss of canopy shading, which can lead to reduced soil water availability (Holzapfel and Mahall, 1999) . Although, surprisingly, the fertility island effect associated with Larrea was still present seven years after wildfire, the effect was much smaller, which emphasizes the key role of Larrea in maintaining crucial ecological processes in arid environments. This phenomenon has also been observed in mesquite-dominated desert grasslands (in SW Arizona), where differences in soil N content between under-canopy and open microhabitats become smaller within burned areas (Wilson and Thompson, 2005) . Magnesium was the only nutrient that had higher concentrations around burned shrubs seven years after fire in both microhabitats; the reason for this pattern is again not clear, however, because persistence of ash should also contribute to higher concentrations of K and Ca.
Although we conducted our study in only one area and limited our investigation to two temporal scales (i.e., seven months and seven years after fire), both of our study areas are representative of the L. tridentata-dominated region of the Mojave Desert, with similar physical characteristics, soils, and plant communities in the burned and unburned areas (A. Fuentes-Ramirez, unpublished data). Thus, differences in nutrient availability between burned (dead) and unburned (living) Larrea, and the effects on fertility islands, are most likely due to the effects of fire rather any differences between our study sites. The biomass of herbaceous species (in both sites) is low relative to the biomass of woody shrubs, so the higher inter-shrub cover of nonnative species that likely fueled the wildfire should not be large enough to cause the observed differences in changes in nutrient dynamics (i.e., the breakdown of fertility islands) from 7 months to 7 years after fire. Also, our sampling of the long-term effects of fire on soil characteristics was necessarily opportunistic, and direct comparison with the short-term effects from the Fort Irwin site is impossible as we were unable to balance factors such as location, time-since-burn, and type of fire (wild vs. experimental).
Differences in fire intensity between wildfires and experimental burns (e.g., soil surface temperature; Gimeno-Garcia et al., 2007) could affect the magnitude of post-fire increases in nutrient availability because nutrient volatilization is related to fire temperature (Raison et al., 1985) . However, 54% and 44% of Larrea in our study sites survived wildfire and the experimental burns, respectively. This suggests that fire intensities in the wildfire and experimental burns were not different enough to cause large differences in Larrea resprouting rates, and thus, did not cause large differences in the proportion of nutrients that were volatilized during fire. Furthermore, in both sites, we measured nutrients where fire was severe enough to kill Larrea.
We did not find any difference in P availability between burned and unburned shrubs at either of the two temporal scales examined in this study. Loses and gains of P may occur at extremely low rates in lowfire-frequency systems (Wardle et al., 2003; Lagerstrom et al., 2009) , such as deserts. This phenomenon, in combination with low P availability in the soil (see Fig. 4 in Mudrak et al., 2014) may potentially explain why we did not find any effects of fire on P availability. While ash often contains high concentrations of P (Rodriguez et al., 2009b) , in our study, there was not enough P in ash to significantly affect soil P availability.
Conclusions
Although the positive effects on desert soils characteristically associated with Larrea (Schade and Hobbie, 2005; Ravi and D'Odorico, 2009 ) may persist after the shrub is killed by fire, our study indicates that these effects are weak in the long-term. Considering that Larrea has low post-fire resprouting (3-44%) and low reproductive success (Abella, 2009) , it is unlikely that Larrea will recover quickly after fire. With nutrients (i.e., N and K) becoming more evenly distributed between the fertility islands associated with fire-killed shrubs and the inter-shrub areas, this may result in alterations of the annual plant community associated with fertility islands. Exotic grasses (e.g., Bromus spp. and Schismus spp.) have been shown to have enhanced competitive abilities relative to native annuals in acquiring scarce soil nutrients (Brooks, 2000) . Post-fire increases in cover of exotic invasive grasses can lead to more frequent and intense fires in the future (Brooks et al., 2004; Olsson et al., 2012) . By killing Larrea shrubs, which are key components of the Mojave Desert, fire may alter soil nutrients by facilitating the degradation of fertility islands over time. This is likely to have cascading effects on the diversity and density of the native and exotic annual plant communities, as heterogeneous landscapes with Larrea fertility islands may become more uniform landscapes dominated by exotic invasive grasses.
